using liquid capacitors to address deformability. Here we show the fast and easy fabrication of a fully fl exible capacitive threeaxial force sensor made with conductive fabric electrodes and an elastomeric material. This unique sensor presented a high compliance, robustness and stability under manipulation and very appealing performances in terms of sensitivity (less than 10 mg and 8 µm, minimal detectable weight and displacement, respectively) and detection range (measured up to 190 kPa, and estimated up to 400 kPa) against the existing state-of-the-art sensors. This work intersects with the recent and exciting direction taken by the research fi eld towards smart, integrated, and fl exible electronic devices using an ancestral composite material: textile. [26] [27] [28][29] From less than a decade ago, an increasing number of research efforts have focused on the exploitation of the mechanical properties of textile as a substrate for the absorption or coating of organic and inorganic compounds. [30] [31] [32] Whereas conductive fabrics are today already embraced by fashion and architectural designs, [ 33 ] the textile platform also opens an original means to develop future electronic and sensing devices. [ 34 ] Importantly, this research approach holds promise for the design of soft, small sensing elements, wherever high functional integration and low cost are key elements. We used conductive fabrics to develop and validate an original concept of a small and three-dimensional robust sensor. In this work, we demonstrate that the structuring of the dielectric multilayer and the original combination of materials used gives our sensor the potential to outperform state-ofthe-art sensors by employing a fast and accessible yet robust and low-cost fabrication technology. The capacitive sensor is made of two textile electrode levels (i.e., top and bottom) of a non-stretchable copper/tin coated textile (Zelt, Mindset Ltd) separated by a fl oating fl uorosilicone (DowCorning730, 70 µm thickness) fi lm as the dielectric layer ( Figure 1 ). Its appealing intrinsic dielectric constant and mechanical properties make fl uorosilicone a suitable material for this application. In particular, because of its low adhesion features, an air gap of around 150 µm is naturally formed during fabrication in between the two copper/tin coated textile electrodes. This air gap adds a second dielectric layer to our sensor and triggers very high performances at very low pressures (ca. 0-2 kPa). The woven fabric used in this work presents two main perpendicular sets of conductive yarns (i.e. warp and weft) where the warp yarn is interlaced up and down of the weft yarn creating an opening called shed (see S1, Supporting Information). The volume of air created by the shed contributes to the formation of a third dielectric layer which plays an important role at higher pressures (>2 kPa). This unique composite structure is embedded in between two polydimethylsiloxane (PDMS) packaging layers to form a mechanically fl exible and robust capacitive sensor (Figure 1 ) . The sensor design has four square The emulation of natural touch requires tactile sensors that mechanically comply with the environment -in order to gain relevant information from physical interactions -and that, at the same time, are able to perform when smoothly adapted to host three-dimensional structures. [ 1, 2 ] For this purpose, successive solutions have been attempted. [3] [4] [5] [6] However, to shape deformable materials while developing high precision, yet robust, systems is complex, and it reveals interesting scientifi c questions in addition to technological challenges. [ 7, 8 ] As a result, fl exible tactile sensors can present a very high pressure sensitivity, but the low saturation level (less than 50 kPa), intrinsically imposed by their architecture and/or manufacturing technology, limits their applications. [ 4, 6, 7, 9 ] Moreover, one fundamental function is still being overlooked, and that is the detection of contact force not only in the normal direction to the sensor/object interface, but also in the tangential direction. This would raise the level of encoded information by an artifi cial touch system closer to natural touch, for instance, slippage and texture detection. [ 10, 11 ] However, in comparison to pressure sensitive devices, or combined pressure and strain sensors, [ 12 ] only a small number of skin-like sensors that can sense normal and tangential forces has been presented in the literature. [13] [14] [15] [16] [17] [18] In this context, stateof-the-art developments expose two main challenges: on the one hand, highly sensitive and fl exible devices able to detect forces in three dimensions over a large force range are pursued; whereas on the other hand, which is more economically related, their fabrication on large areas is requested. Original alternative sensor designs, using soft materials and processes have been shown to skirt those aspects and/or simplify fabrication processes. [13] [14] [15] [18] [19] [20] [21] [22] [23] Among these, capacitive-based sensors show good potential towards deformable tactile sensors. In particular, Surapaneni et al. [ 13 ] have demonstrated very high force range detection (up 320 kPa) and minimum detectable displacement of 60 µm using gold fl oating electrodes in comb-like structures, whereas other groups, in particular, Noda et al. [ 14, 15, 24, 25 ] have introduced original approaches for three-axis force detection [+] These authors contributed equally to this work. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.
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where ε r , ε 0 , A , and h are the relative permittivity of the dielectric material, the vacuum permittivity, the capacitor surface area, and the distance in between the two plates, respectively. When an external force vector
is applied, the sensing cell operation is as follows: the normal force component F z causes a decrease of the distance h between the two electrode levels, thus all four capacitance values increase; whereas the in-plane force components F x (or F y ) cause the top electrode to slide along the x -axis (or y -axis) affecting the overlapping area between the top and bottom electrodes. As a result, the surface area A of each of the four capacitors is varied. The tactile transduction method of our sensor can be described in space. Specifi cally, the output signals C x , C y , and C z are retrieved from the read-out of the four sensor capacitors, as follows: 
where Δ C 1 to Δ C 4 are the capacitance variations measured under an applied load, and to 1 0 4 0 C C are the reference capacitances measured individually in the absence of load. The factor of ¼ provides the average response of the tactile sensor, which is to be considered when evaluating the sensitivity in each direction. In order to improve the immunity to the intrinsic geometrical mismatch between different electrodes, we consider each normalized relative variation. Indeed, if we were to consider absolute variations -in the case that, for example, one output signal presented a much higher variation than the others -the behavior of the whole sensor would be dominated by this one, affecting the capability to properly distinguish the three force components. Moreover, the normalization of the output signals related to the shear force components needs to be implemented by also taking into account the real initial value of the measurement which is infl uenced by the initial static normal force that is always present in the experimental protocols implemented in this study (See Experimental details). Effectively, the real tactile experience needs enough friction before generating a tangential displacement. To better approximate this reality, the indentation probe was glued to the top PDMS layer. Moreover, an initial static normal force of, either, 0.5 N or 1 N was applied before securing the plate fi rmly onto the sensor bottom; hence no pure shear load was applied to the sensor. Indeed, if the device is pressed with an initial normal force, the initial value of each capacitance in average is 1
We performed cycling characterizations of the sensor, by statically stimulating it with normal and tangential forces, with the device adapting on both fl at and curved surfaces. The normal ( F z ), and tangential ( F x , F y ) forces, as well as sensor responses retrieved from Equations ( 1) ( 2) and ( 3) are presented in Figure 2 . We observed a reliable and repeatable behavior of the sensor on both the fl at and curved surfaces. As a result of the normal and tangential mechanical stimulation, an instantaneous variation of the output signals was observed (see S3 and S4, Supporting Information). We evaluate that the time response of the device is less than 40 ms, when the maximum sampling rate of 25 Hz is used. Regardless of the limits currently imposed by our electronic system, the proposed sensor shows a very fast response time, when compared to typical touch experiences in nature. For example, in humans mechanoreceptors convey tactile information well within 70 ms, [ 35 ] while in plant roots, the time for mechanical stimuli from the soil to deform the natural tissues and elicit internal touch responses is at least 1s. [ 36 ] In Figure 2 we show the typical discrimination of the sensor of normal and in-plane forces, confi rming that the transduction method used in our sensor is effi cient. Additionally, we demonstrate the sensor's ability to independently detect x and y shear forces (see S5, Supporting Information). The viscoelastic nature of the composite materials can be observed during characterization. In particular, the discharge-like behavior measured by the reference load cell (more relevant in Figure 2 d, but present also in other cases) is due to the relaxation of the top PDMS layer, which is in direct contact with the probe. However, we note that the sensor's functionality is not affected. The dynamic behavior and performances in the normal and tangential modes were measured and analyzed by observing, with an optical microscope, a cross-section of the sensor positioned on a fl at surface ( Figure 3 , see also video S6, Supporting Information). In particular, the performance of the sensor to applied pressures in the range of 0-190 kPa (0-12 N force) is shown in Figure 3 a,b. During sensor loading, the distance h between the electrode levels decreases and gives rise to an increase in capacitance. Initially, at very low forces, the thickness of the air dielectric layer is the defi ning parameter. Up to 32 mN (0.5 kPa), which is the force needed to put the two electrode levels in contact with the fl uorosilicone dielectric layer, a very high sensitivity of 14.22 N −1 (0.91 kPa −1 ) is obtained. The capacitance variation for weights of 80, 15, and 10 mg, are shown (Figure 3 c) , corresponding to average values of Δ C z of 0.15, 0.05, and 0.025 pF, respectively, measured after contact has been established. Considering that the resolution of the readout electronic system is 1 fF, with an rms noise of about 4 fF, we can reasonably assume a minimal detectable signal of 12 fF (i.e., three times the rms noise). Therefore, the minimal detectable weight of this sensor is less than 10 mg, corresponding to a minimal contact force of less than 0.1 mN. To our knowledge these results challenge the sensitivity of today's best examples of fl exible pressure sensors, which is around 20 mg [ 4, 18 ] (see S7, Supporting Information, for an illustrative example of sensor response to light touch). From 32 mN (0.5 kPa) to 640 mN (10 kPa) contact force, the two levels of textile electrodes make contact with the fl uorosilicone fi lm, which forms the dielectric layer together with the air volume formed by the shed. As the force increases, the fl uorosilicone fi lm complies with the textile surface, thus the shed volume decreases, and hence, the whole air dielectric layer volume decreases (see S1, Supporting Information). In the above force (pressure) range the following sensitivities were obtained (see Figure 3 a ) from 260 mN to 640 mN (4-10 kPa). These results compare very favorably with those achieved by previously reported high-sensitive pressure sensors: 0.55 kPa −1 and 0.15 kPa −1 , for pressures less than and higher than 2 kPa, respectively; [ 4 ] 0.38 kPa −1 for pressures higher than 8 kPa. [ 6 ] At a force range higher than 640 mN (10 kPa), the sensitivity is expected to be a function of the decrease in the thickness of the fl uorosilicone fi lm. Indeed, even at 9 N (140 kPa), no saturation plateau is yet observed, and the sensitivity equals 0.31 N −1 (0.02 kPa −1 ). Reported pressure sensitivity values are: 6.6·10 −4 kPa −1 for a saturation evaluated around 140 kPa; [ 16 ] and, 2.3·10 −4 kPa −1 for a saturation estimated at 131 kPa. [ 17 ] Therefore, these results represent an important improvement over state-of-the-art sensors by two orders of magnitude. Moreover, the pressure (force) vs. normalized capacitance curve is shown in Figure 3 b for pressures up to 190 kPa (ca. 12 N), this limit is set by the input dynamics of the readout electronic system. However, it can be seen that the output signal is still well below the saturation, as its slope is around 0.01. An estimation of the sensor saturation can be addressed by a hyperbolic fi t of the fi nal part of the curve, also considering that the maximum force detection limit of the sensor is correlated to the mechanical properties of the dielectric material. This way, at 400 kPa (ca. 27 N) (which is the reported fl uorosilicone maximum operating stress) [ 37, 38 ] the estimated sensitivity is 0.0025 kPa −1 . Therefore the sensor could still present an improvement for both the saturation level and the pressure sensitivity in comparison to the literature, where a pressure sensitivity of 0.00038 kPa −1 for a saturation at 320 kPa [ 13 ] has been reported.
Furthermore, in addition to being fl exible and mechanically robust over a wide pressure range, the sensor is also able to detect in-plane forces. We investigated the performance of the device under tangential stimulation while applying a static normal force F z of, either, 0.5 N or 1 N; thus mimicking the tactile indentation needed to induce a tangential force through horizontal displacement (Figure 3 d) . During the experiments, observations of the cross section under an optical microscope suggest that no shear stress is induced in the dielectric fl uorosilicone fi lm and that the top electrode is free to slide over the bottom set of electrodes (see video S6, Supporting Information). In particular, the latter aspect is due to the low friction properties of the fl uorosilicone. Independently of the static normal applied force, a 0.4 N tangential force is needed before a signifi cant capacitance variation can be observed (see Figure 3 d ). This minimum force could refl ect the shear strain induced in the thick PDMS layer during the transmission of the tangential displacement. Indeed, such shear force could be needed to initiate the sliding of the top electrode over the bottom electrodes. Then, starting from about 0.4 N, a second regime is observed in which C x varies linearly with the applied tangential force. As a higher static normal force must be applied initially to the device, a higher friction force is needed before sliding occurs, and we can observe that, for the same capacitance variation (same overlapping area of the electrodes), doubling the initial load applied to the sensor contributes to a tangential force divided by a factor two. Minimal detected tangential displacements of 8 µm and 14 µm, under 1 N and 0.5 N initial static normal forces, respectively, were evaluated. It should be noted that this result is about one order of magnitude lower than minimal displacements reported in the literature (i.e., 60 µm). [ 13 ] Linear behavior is observed within the 0.4-1.2 N and 0.8-1.6 N ranges, for 0.5 N and 1 N static normal forces, respectively. The slope represents the sensitivity of the sensor in the tangential mode. The obtained performances were 0.32 ± 0.02 N −1 and 0.34 ± 0.02 N −1 for the 0.5 N and 1 N initial contact force curves, respectively. Hence, we may conclude that, due to the design of the sensor, in this regime the tangential sensitivities are almost independent of the normal component of the applied force, and they are equal to about 0.3 N −1 . Furthermore, when increasing the tangential force, a deviation of the response from the linear behavior is observed, suggesting that the overlapping area of the electrodes is not dictated by a sliding mechanism of the two sets of electrodes, rather it is limited by the deformable properties of the whole device, in particular its stretchability.
To conclude, the design and the materials used to develop our sensor generate high performing features for the next generation of three-axis soft tactile sensors. Although our design is simple, we have achieved an improved level of tactile information to mimic natural touch. In parallel, the materials used for the multi-layer structure converge in obtaining a soft, fl exible and highly sensitive device that offers a lowcost technological approach. New perspectives are thus open for the design of soft and smart interfaces, and for all kinds of applications where natural-like tactile sensing is desired. Importantly, this sensor could target other specifi c applications than biomimetic touch, in which very low, for instance, heartbeat monitoring (ca. 100 Pa), to very high, for example, foot pressure-distribution monitoring (300-400 kPa), pressure ranges are required. Finally, we expect that the quest for soft and fl exible artifi cial touch systems will steeply increase as soft technological approaches [ 39 ] are increasingly being developed in many fi elds such as exploratory robotics, wearable systems, medicine and rehabilitation, personal robotics, entertainment, and gaming.
Experimental Section
Preparation of Layers : Polydimethylsiloxane (PDMS) (Dow Corning, Sylgard 184; ratio of base to crosslinker, 10:1 by mass) and fl uorosilicone (Dow Corning 730) diluted with acetone were degassed and poured on the surface of a silicon wafer previously covered with adhesive tape. After spin-coating and curing at room temperature for around 24 h, membranes of, respectively, 300 µm and 70 µm thickness were obtained. The PDMS membranes were used as external sealing layers whereas the fl uorosilicone fi lm was part of the dielectric layering of the sensor. The dielectric constant of DowCorning730 fl uorosilicone is 5.5.
Textile-Based Sensor Fabrication : Copper/tin coated woven fabric (Zelt fabric -Mindsets Ltd, UK) with an intrinsic resistance of 50 mΩ ٗ was cut by laser (VLS 3.50; Universal Laser Systems, Inc., USA), with a resolution of around 0.5 mm, into four bottom electrodes of 5 mm × 5 mm and one 8 mm × 8 mm top electrode. The textile electrodes were positioned over the PDMS membranes and maintained in position with double-sided adhesive tape. The two layers were then assembled face to face and the fl uorosilicone dielectric membrane was placed in between. An air gap of approximately 150 µm thickness was naturally formed because of the low surface free energy of fl uorosilicone. The bottom electrodes and top electrodes were manually centered with respect to each other. As the capacitance measurement was differential, the variation in electrode positioning did not affect the sensor behavior. This fabrication aspect emphasizes the simple, fast, and low-cost technological fabrication process of the sensor.
Experimental Set Up for Measurements : A schematic of the set up is shown in Figure S2 in the Supporting Information. An 8 × 8 mm 2 Delrin ® fl at probe was mechanically interfaced to a 6-axis load cell (ATI NANO 17 SI-25-0.25, Apex, NC, USA), which acquired force data during the experiment. The alignment of the load cell to the device was determined with an initial rough manual positioning, by means of three orthogonal manual micrometric translation stages with crossed roller bearings (M-105.10, PI, Karlsruhe, Germany) followed by an accurate controlled positioning, by means of two servo-controlled micrometric translation stages: (M-111.1, PI, Karlsruhe, Germany) for the normal direction ( z ), and (M-126.1 PI, Karlsruhe, Germany) for the shear direction ( x ), respectively. Cyclic indentation (static mode) and force incrementing (dynamic mode) experiments were performed at constant speed. For tangential characterizations, the probe was glued to the device and a static normal force of 0.5 N or 1 N was initially applied before translating the stage in the x -direction. In this way, suffi cient friction was provided in order to generate a displacement and an overlapping area of top and bottom electrodes, and an experimental protocol that approximates a real tactile event was used. Capacitance measurements were performed by means of custom electronics. Each capacitance output signal was acquired by means of a 24-bit capacitance-to-digital converter (CDC) (AD7747, Analog Devices Inc., Nordwood, MA, USA). The input dynamics of the CDC was 16 pF, which was fully used during sensor characterization. In order to minimize the infl uence of parasitic capacitances (due to wires, connections, etc), the measuring was done in differential mode, using a dummy reference capacitor for each capacitance channel. In addition, to further reduce parasitic capacitances, the device was connected to the electronic board by means of shielded cables. The capacitance resolution was 1 fF, and, because of the strategies described above, the measured rms noise could be reduced to about 4 fF. Therefore, the minimal detectable signal was about 12 fF (three times larger than the rms noise). Data were acquired by means of a 32-bit PIC micro-controller board (PIC32MX460F512L, Microchip Technology Inc., Chandler, AZ, USA) and sent to a PC via USB. The whole system, comprising the translation stages, the load cell, and the capacitance acquisition board, was connected to a PC. A graphical user interface was implemented to acquire force and capacitance measurements simultaneously, and to control the linear translation stages. In order to determine the initial absolute values needed for normalization, each capacitance was measured in absence of externally applied loads by means of a precision LCR meter (E4980A, Agilent Technologies Inc., Santa Clara, CA, USA). Finally, the sensitivity of the sensor was calculated as the slope of the normalized capacitance variation in function of the force, in different force ranges. For the normal force, the equivalent pressure was considered too and, in the present manuscript, the sensitivity is indicated in kPa −1 in order to better compare the resulting data with state-of-the-art sensors in the literature.
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